Results show waterquality degradation, increased sediment yields, and increased low flow in most tributaries draining mined areas. Highly mineralized mine drainage is commonly acidic, and contains large concentrations of sulfate, iron, aluminum, manganese, and dissolved solids. Some highly mineralized mine drainage in Crooked Creek basin is alkaline due to the presence of carbonate minerals in the shale overburden.
The impact of mine drainage and high sediment yields from mined subbasins on water in the main stem of Turkey Creek was small due to the alkalinity of the water in the creek and to dilution ratios that ranged from 1:30 to 1:300.
Mine drainage had a significant effect on the quality of water in Crooked Creek. The dissolved solids concentration in water downstream from the mined areas was as much as 7 times greater than that in water in unmined parts of the basin. The sediment yield to Crooked Creek was lower in the mined area than in the unmined segment of the stream. The lower yield is due, in part, to the trapping of sediment in sediment ponds in the mines and in a swamp downstream from the mines.
INTRODUCTION
Increasing demands for energy and limited oil and gas reserves have placed a renewed emphasis on the development of coal resources. Surface coal mining, like any disruption of the land surface, frequently affects the water resources of an area. Water problems or potential problems associated with surface coal mining include erosion and sedimentation, flooding, diversion of drainage, decline in ground-water levels, and the degradation of water quality (Knight and Newton, 1977) . The degradation of water quality is the most serious and widespread problem.
The objective of this project is to measure the impact coal mining has on the hydrologic system and to develop the capability for predicting the effect of future mining on water resources. To achieve this necessitates isolating the problems and measuring the parameters involved before, during, and after mining.
During the first year of the project (1975), a report by Knight and Newton (1977) entitled "Water and Related Problems in Coal-Mine areas of Alabama," was prepared. From October 1975 through May 1977, streamflow, quality of water, and sediment parameters from mined and reclaimed areas in Crooked and Turkey Creek basins in Jefferson County were monitored. The basins are in the northeast part of the Warrior coal field ( fig. 1) , the most productive in Alabama. The purpose of this report is to present findings resulting from this phase of the project.
PREVIOUS STUDIES
Considering the magnitude and areal distribution of surface coal mining in Alabama (Knight and Newton, 1977) , remarkably few data have been collected or evaluated to determine its impact on the hydrologic system. Studies of regional scope have been reconnaissance in nature, and more detailed studies have been confined to specific problems at specific sites. Cherry (1963) , based on a reconnaissance study, determined that the chemical quality of water in streams in most areas underlain by the coal-bearing strata was good. Hyde and others (1969) located acid-mine drainage in Walker, Tuscaloosa, and Jefferson Counties and observed that the number of streams affected was relatively small. Culbertson (1964) described coal groups and their distribution in Alabama. The distribution of geologic units and coal beds in the area of study has been mapped by Butts (1910) . Floodflow (Hains, 1973) and the low flow and flow duration (Peirce, 1967; Hayes, 1978) have also been described. The availability and quality of surface water and ground water in Jefferson County have been described by Knight (1976) . Water-quality data pertinent to the study have also been published in open-file and annual reports by the U.S. Geological Survey. Figure 1 .-Area of study and principal coal fields in Alabama (modified from Ward and Evans, -1975 fig. 2 ) are in the basin and some farms are along its northwest boundary. Land cleared for cultivation, however, is estimated to comprise less than 2 percent of the basin. The remainder of the study area, with the exception of relatively flat lowlands in Turkey Creek basin, is similar in topography. It generally ranges in altitude from 100 to 285 m and has an incised irregular drainage network with little directional trend. The topography in and near Crooked Creek basin is rugged. Steep slopes bounding even the smaller tributaries form a network of ravines and ridges.
CLIMATE
The climate in the area of study is subtropical and is characterized by warm and humid weather. The following excerpts describing local conditions, based on records collected at Birmingham Airport, are taken from a report by the U.S. Department of Commerce (1975) : "For the period of record, Birmingham's monthly temperatures show a range from a January mean of 7°C to a July mean of 27°C. This 20° annual range reflects the effect of the stations' location with respect to the warm body of water to the south and the invasions of relatively cold air from the continental north and west. Precipitation, with a minimum occurring during October, has two maxima each year, one during the winter months, and another, slightly lower, in July. Snowfall is seldom s °s heavy enough to be important. Droughts are infrequent. The length of the growing season averages 239 days; the average date of the last minimum temperature of 0°C is March 17 and the average date of the first is November 10." U.S. Weather Bureau long-term precipitation records for Birmingham AP, Palmerdale 2W, and Sayre in Jefferson County were utilized during this study. The monthly precipitation during the study, as well as mean monthly and mean annual precipitation are shown on figure 3. The longterm annual mean precipitation at the stations ranged from 1,328 to 1,359 mm. The heaviest rains generally occur from December through March. The wettest month is March and the driest is October. Mean monthly precipitation at the stations for March ranged from 157.5 to 159.8 mm and for October ranged from 61.7 to 67.6 mm. During the study, precipitation recorded at the stations exceeded their long-term means.
GEOLOGY
Geologic units cropping out in the area of study range in age from Ordovician to Pennsylvanian. The western two-thirds of the area is underlain by the Pottsville Formation of Pennsylvanian age and the eastern one-third by geologic units of pre-Pennsylvanian (Ordovician to Mississippian) age ( fig. 4 ). The latter units are not differentiated because of their structural deformation and narrow belts of outcrop.
The attitude of strata varies from almost flat-lying in the west to highly inclined in the east. The axis of the northeast-southwest trending Coalburg syncline, a prominent geologic structure in the Warrior coal field, passes through the drainage divide between the basins of Crooked and Turkey Creeks ( fig. 4 ). In much of the syncline, the strata are relatively flat-lying, dipping about one-half degree southwest (Culbertson, 1964) . East of the axis of the syncline, the dip toward the axis becomes progressively steeper. Strata are highly inclined in the eastern part of the area due to major faulting and folding.
The undifferentiated pre-Pennsylvanian geologic units cropping out in the area of study are about 1,500 m thick (Butts, 1910) and consist primarily of limestone, dolomite, chert, sandstone, shale, and some beds of hematite.
The Pottsville Formation consists chiefly of alternating beds of gray sandstone, siltstone, and shale interbedded with conglomerate, underclay, and coal. The formation has a maximum thickness in the project area of about 760 m (Butts, 1910) . The dominant rock type in most coal-bearing horizons is shale. The shale is commonly silty and carbonaceous and grades laterally or vertically into argillaceous siltstone and very fine sandstone or is interbedded with them. Much of the shale contains nodules or layers of iron carbonate (siderite) or iron magnesium carbonate (ankerite); most nodules are lenses less than 75 mm long. The siderite also occurs as lenses as much as 0.3 m thick and more than a meter long and, in places, layers of siderite less than 25 mm thick are interbedded with shale (Culbertson, 1964) .
The Pottsville Formation, where thickest, contains about 60 beds of bituminous coal (Ward and Evans, 1975) . Individual coal beds generally range in thickness from a few centimeters to 3 m. Although some beds are persistent laterally, others are lenticular and extend for only short distances. Most of the coal is high volatile A bituminous that contains 5 to 15 percent ash and less than 2 percent sulfur (Culbertson, 1964) . In some coal beds, and overlying strata, pyrite is a conspicuous constituent.
In the Warrior coal field, almost all coal production has come from seven groups of coal beds: the Black Creek, Pratt, Mary Lee, Cobb, Guin, Utley, and Brookwood (Culbertson, 1964) . In the area of study, production has been restricted to the Mary Lee group. This group, according to McCalley (1900) , contains five coal beds that, in ascending order, are: Ream, Jagger, Blue Creek, Mary Lee, and Newcastle.
SURFACE COAL MINING
Surface mining in the area of study is in the Blue Creek, Mary Lee, and Newcastle coal beds. All of the beds are mined in Turkey Creek basin whereas only the Mary Lee has been mined in Crooked Creek basin. Production in Turkey Creek basin in 1977 was reported to be 32,000 t per month (Bill Craine, Drummond Coal Co., oral commun. 1977). Coal was not mined in Crooked Creek basin during the project period.
The progression of mining, based on aerial photography flown in 1970, 1973, and 1976 , is shown in figure 5 . All mining, with the exception of one very small area in Crooked Creek basin ( fig. 5 ), was initiated after 1970. The small mined area, based on vegetative growth observed on the 1970 photography, was old at that time. All mining since January 30, 1976, has been restricted to Turkey Creek basin in the vicinity of Morris. Abandoned surface and subsurface mines are located in Turkey Creek basin upstream from the area of mining monitored; however, it is estimated that land disturbed by the abandoned mines comprises less than one-half of 1 percent of the upstream area.
The general lithology of strata disturbed by coal mining is shown in figure 6 . The Blue Creek coal bed, at the base of the section mined, is about 0.7 m thick. It is overlain by 2 to 3 m of shale, siltstone, and sandstone that, in turn, is overlain by the Mary Lee coal bed. The Mary Lee is about 0.8m thick. In Turkey Creek basin, the Mary Lee is overlain by 13 to 14 m of shale containing beds of siltstone and sandstone which, in turn, is overlain by the Newcastle coal bed. This bed, where present, is about 0.3 m thick. The Newcastle appears to be absent in the mined area in Crooked Creek basin. The Blue Creek bed reportedly has not been mined in the Crooked Creek basin because of its thinness (R. Williams, Drummond Coal Co., oral commun., 1977) . Large parts of the older mined lands near Turkey Creek ( fig. 5 ) have been graded to conform generally with the configuration of the land surface prior to mining. A large percentage of this area has been revegetated with pine trees. In other parts of this area, the degree to which spoils have been leveled varies and revegetation may be absent in one area but extensive in another.
Reclamation in Crooked Creek basin consists primarily of the grading of spoils. Revegetation of the area, whether natural or as a part of the reclamation process, has not been nearly as effective as revegetation in reclaimed parts of Turkey Creek basin.
HYDROLOGY AND IMPACT OF SURFACE MINING
Precipitation runs off the land surface into streams, replenishes soil moisture (lost to the atmosphere by evaporation and transpiration), or percolates downward to ground-water reservoirs. Similarly, mine drainage enters streams as surface runoff or is transmitted to them through ground-water reservoirs. Water stored in these reservoirs is the major source of streamflow during periods of little or no precipitation.
This phase of the investigation is limited to the monitoring of streamflow. Those interested in the effect of mining on ground water are referred to the section on low flows.
SURFACE WATER
Streamflow and selected physical and water-quality data were collected at nine sites in Turkey and Crooked Creek basins ( fig. 7) to describe the impact of coal mining on surface water. Information for the sites, including the type data collected at each, is summarized in table 1. Site 1 on Turkey Creek is a long-term gaging station established in January 1944. Data were collected at the other sites from October 1975 through May 1977.
Site 1 on Turkey Creek and site 9 on Crooked Creek ( fig. 7) were instrumented for continuous streamflow data collection. Site 9 was also equipped to continuously monitor specific conductance, temperature, and precipitation and to collect one or more suspended sediment samples daily. Sediment samples were collected daily at sites 1 and 3. Streamflow and other data were collected intermittently at the remaining sites. Statistical analysis was used to determine the application of the data to ungaged sites. Hydrologic relations for the gaged sites were developed using simple linear regression. These relations were reasonably accurate and useful for estimating streamflow, water quality, and sediment parameters for most ungaged sites. Streamflow Characteristics Streamflow characteristics are determined mainly by climatic, topographic, and geologic conditions, and by stream-regulating conditions imposed by man. Where these conditions are similar, basins may have similar median and floodflow characteristics. Low-flow characteristics may be dissimilar, however, because of small differences in land use, topography, and geology.
Discharge from the basins at sites 1 and 9 equaled about 35 percent of the precipitation during the period of study. Average daily discharges at outflow sites 1 and 9 on Turkey and Crooked Creeks ( fig. 7) were 5.27 m-Vs and 1.02 m-^/s, respectively. The mean discharge at site 1 exceeded the long-term mean discharge (3.74 m-Vs) because of greater-than-average precipitation. The daily mean discharges for the period of study at site 1 ranged from 0.59 to 112 m-Vs and those at site 9 ranged from about 0.01 to 38.23 m 3 /s. Daily mean discharges at the sites are shown in figure 8.
Low Flow
The suitability of streams for particular uses with respect to water availability is generally determined by the magnitude of low flows. Estimates of annual low-flow characteristics for site 1 on Turkey Creek ( fig. 7 ) are summarized in table 2. Streamflow records for sites in Crooked Creek basin were insufficient to estimate low-flow characteristics.
The 7-day 2-year low flow (7Q2) is the discharge at 2-year recurrence interval taken from a frequency curve of annual values of the lowest mean discharge for 7 consecutive days. 7Q2 at site 1 on Turkey Creek can be expected to average about 0.002 (m3/s)/km2 (table 2). The 7Q2 of Turkey Creek is greater than that estimated for Crooked Creek owing to the greater storage capacity and higher permeability of the carbonate rocks drained by Turkey Creek. During dry periods, little ground water is contributed to Streamflow by relatively impermeable rocks in the Pottsville Formation that underlies the Crooked Creek basin. In similar basins throughout the Warrior coal field ( fig. 1) , the 7Q2 generally is very low and seldom exceeds 0.0005 (m^/s)/km^ (Peirce, 1967) .
Flow Duration and Variability
The flow distribution and variability of streams may best be demonstrated with a flow-duration curve. This cumulative-frequency curve shows the percentage of time that a specific discharge may be equaled or exceeded in a given period. It combines into one curve the flow characteristics of a stream throughout the range of discharge, without regard to the sequence of occurrence. It is applicable only to the period of record used to develop the curve. Hydrologic and geologic characteristics of a drainage basin are generally the major factors that determine the shape of the flow-duration curve. A curve with a steep slope throughout denotes a highly variable streamflow that is mainly from direct surface runoff, whereas a curve with a flat slope indicates streamflow that is mainly from surface runoff and ground-water storage. A flat slope at the lower end of the curve indicates sustained base flow, whereas a steep slope indicates a negligible base flow (Searcy, 1959) .
Flow-duration curves for site 1 on Turkey Creek and site 9 on Crooked Creek ( fig. 7 ) are shown in figure 9. These curves are based on data collected from October 1975 through May 1977. The curves show that, 10 percent of the time, the flow was less than 0.0035 (m-5/s)/km^ at site 1 on Turkey Creek and less than 0.0004 (m3 /s)/km 2 at site 9 on Crooked Creek.
Streamflow relations between the upstream unmined segment of Crooked Creek (site 5) and the downstream mined segment (site 9) ( fig.  10) show the contribution of low flow from mines. During periods of little or no precipitation, discharge in the unmined reach (site 5) rapidly approaches zero, whereas discharge in the downstream mined reach (site 9) is higher because of the contribution of water from the mines between the sites.
Chemical Quality
Specific conductance, alkalinity, pH, and water temperature were measured in the field and samples were collected for detailed chemical analyses. Sampling was scheduled to provide water-quality information throughout the range of stream discharge.
Specific conductance is a measure of the ability of water to conduct an electric current and is directly related to the dissolved-solids concentration. The relation between specific conductance and dissolved solids concentrations for sites in mined basins is shown in figure 11 .
Most water-quality data collected during the study have been published by the U.S. Geological Survey (1977) and are not presented in this report. Selected analyses are used in this report to illustrate variations in chemical quality that occur with variations in streamflow.
Origin of Constituents and Physical Characteristics
Streamflow is generally a mixture of base flow derived from ground water and overland flow. The chemical quality of streamflow derived from each source can be different. Base flow generally has higher dissolved chemical concentrations because of its prolonged contact with minerals in soils and rocks. Overland flow is generally less mineralized because of its shorter period of contact with soluble minerals at the surface. The chemical quality of water in streams varies with the degree of mixing of waters from both sources. During mining, large quantities of ferruginous minerals (pyrite and marcasite) in overburden and coal beds are exposed to air and water that accelerate weathering processes. Sulfuric acid and hydrous iron oxides are formed in the process. The pH of water draining the area will be low and the sulfate concentrations high. The following equations taken from Hendrickson and Krieger (1964) The acidic water reacts with other minerals and commonly increases aluminum, calcium, magnesium, manganese, and iron concentrations. The highly mineralized water collects in mine impoundments and spoil where it eventually evaporates, runs off into streams, or precolates downward into underlying aquifers.
Water Quality in Mined and Unmined Areas
Analyses of selected samples collected during low-and high-flow periods at sites on Turkey and Crooked Creeks are shown by bar graphs in figures 12 and 13.
Turkey Creek Basin.--Water at site 1 on Turkey Creek is of a calcium, magnesium, bicarbonate type ( fig. 12 and table 3) . The predominance of these ions is attributed to the carbonate rocks that crop out in the upper reaches of the basin. Highly mineralized base flow from tributaries draining mined areas in Turkey Creek basin (sites 2 and 4 on fig. 12 ) is a magnesium, sulfate type water.
Maximum dissolved solids concentrations observed at mined sites 2 and 4 were 1,060 and 456 mg/L respectively, while those observed at unmined sites 1 and 3 were 151 and 153 mg/L. At sites 2 and 4 (table 3), concentrations of other major indicators of mine drainage such as calcium, magnesium, sulfate, aluminum, iron, manganese, and noncarbonate hardness, and specific conductance were much greater than those observed at sites draining unmined areas. This greater degree of mineralization is shown by relations between specific conductance and discharge at unmined site 1 and mined site 2 ( fig. 14) and by relations between specific conductance and sulfate concentrations for mined and unmined basins ( fig. 15) . Estimated mean annual loads of selected chemical constituents and suspended sediment for sites 1 through 4 in Turkey Creek basin, expressed in metric tons per square kilometer, are given in table 4. Large changes in water quality of streams in the mined areas (sites 2 and 4 in fig. 12 ) accompany changes in discharge. However, the highly mineralized water from site 2 has little impact on the water quality of the main stem of Turkey Creek. Water at sites 1 and 3 upstream and downstream from the inflow of mine drainage (site 2) is similar in quality ( fig. 12 and table 3 ). This is due to the dilution of the mine drainage by the larger quantities of better quality water in Turkey Creek. Dilution ratios between the mined subbasin tributaries and Turkey Creek commonly range from 1:30 to 1:300.
Crooked Creek Basin.--The discharge, type, and degree of mineralization of water at sites monitoring mined and unmined areas in Crooked Creek basin is illustrated on figure 13 .
Water at site 5 ( fig. 13 and table 5) in the unmined part of the basin is generally calcium, magnesium, bicarbonate, sulfate type water.
The water has a dissolved solids concentration of 58 mg/L or less, a hardness of 38 mg/L or less, and a median pH value of 6.7. Only small concentrations of bicarbonate, calcium, magnesium, and sulfate were present. I/ Does not include data from automatic water quality monitor Sites 6, 7, and 8 ( fig. 13 ) are on streams that drain reclaimed mines. Water in these streams during low-flow periods is generally of the magnesium, sulfate type. A large increase in mineralization occurs at site 9 downstream from the mined tributaries during low flow ( fig. 13 ). This increase occurs when base flow from the upstream unmined reach (site 5) is not sufficient to dilute the mine drainage. The relation between specific conductance and discharge at sites 5 and 9 ( fig. 16) show this occurrence. The maximum dissolved solids concentration observed at site J) was 384 mg/L while the maximum dissolved solids concentration!at site 5 in the unmined reach was 58 mg/L. Concentrations of other major indicators of mine drainage such as calcium, magnesium and sulfate, and non-carbonate hardness were also much greater at site 9.
Differences in the bicarbonate concentration and pH of water at mined and unmined sites in Crooked Creek basin were small. The neutralization of acid mine drainage is due to the common occurrence of nodules and layers of siderite (FeCOg) and another unidentified carbonate mineral in shale overlying the Mary Lee coal bed.
Total iron, aluminum, and manganese concentrations were much greater in the reach of Crooked Creek draining mined areas (site 9) than those in the unmined reach (site 5). Dissolved iron in water in mined and unmined areas did not differ greatly. Dissolved manganese concentrations in some tributaries draining mined areas were much larger than those in water in the unmined reach. Estimated mean annual loads of selected chemical constituents for sites 5, 6, and 9 in Crooked Creek basin are given in table 4.
Suspended Sediment
Sediment samples were collected daily at site 9 on Crooked Creek ( fig. 7 ) with an automatic sediment sampler (US PS-69). It collected two samples per day during base-flow periods and additional samples at changes in stage during high-flow periods. Daily samples were collected at sites 1 and 3 on Turkey Creek using a standard bridge mounted depthintegrating sampler (US-74). Data collected were adjusted by calibration procedures described by Porterfield (1972) . Intermittent samples were collected at other sites using standard methods described by Guy and Norman (1970) .
Bedload, defined here as sediment transported between the sampler intake nozzle and the streambed, was unsampled. Its contribution to the total-sediment yield was probably small because of the grain size of dominant rock types (shale, siltstone, and very fine and fine-grained sandstone) that underlie most of the area. Suspended sediment transported during high flows were predominantly in the clay and silt size range (finer than 0.062 mm). 
Factors Affecting Sediment Yield
Basins in the study area are underlain by relatively impervious rocks and are characterized by a hilly terrain with moderate to steep slopes. These characteristics tend to produce rapid runoff with high erosion potential; however, most of the study area has a dense forest cover which tends to lower runoff velocities and decrease the influence of topography on erosion.
Strip mining in undisturbed areas drastically alters natural erosion and sediment yields. Mining activities including removal of forest cover, construction of haul roads, excavation, and creation of spoil areas greatly increase the weathering processes of exposed materials. These activities provide large volumes of unconsolidated materials for erosion.
Previous studies by other investigators (Wark, 1965; Rainwater, 1962; Collier and Musser, 1964; and Hubbard, 1976) indicate that average annual sediment yields may vary from 7 (t/km2)/yr for completely forested, undisturbed basins to 105,000 (t/km 2 )/yr for severely exposed strip-mined areas in southern Appalachia.
Concentration and Transport
The maximum suspended-sediment concentration recorded during the study was 46,000 mg/L at site 2 in Turkey Creek basin ( fig. 7) . Approximately 23 percent of the basin upstream from this site has been disturbed by mining and it was the only area mined during the study. The maximum suspended-sediment concentration recorded at the unmined site on Turkey Creek (site 1) was 1210 mg/L, while sites 3 and 4 had maximum concentrations of 1890 mg/L and 3970 mg/L, respectively. In Crooked Creek basin, the maximum suspended-sediment concentrations recorded at sites 5, 6, and 9 were 1320 mg/L, 780 mg/L, and 4570 mg/L, respectively. The relation between discharge and suspended-sediment concentration at site 9 on Crooked Creek is illustrated in figure 17 .
Estimates of average annual suspended-sediment loads for sites in Crooked Creek and Turkey Creek basins for the period of study are given in table 4.
Relations between sediment yield and unit stream discharge for several sites are shown on figure 18. The highest yields occurred in mined tributaries to Turkey Creek and the lowest at sites 1 and 3 on its main stem. The similarity between the sediment yield curves for sites 1 and 3 ( fig. 18 ) also indicates that sediment from mined areas between the sites has a negligible impact on the main stem. This results from dilution of the flow from tributaries by the larger volume of water in the main stem. The lowest suspended-sediment yield was at site 6 in Crooked Creek basin located downstream from a large reclaimed mine. This yield, smaller than that of the unmined reach (site 5), is partially due to the trapping of sediment in ponds in the mines and in a swamp between the mines and the downstream site. 
